This study is concerned with the effects of applying selective simple product-operator formalisms, and ( iii ) in practical pulses to systems with strong second-order scalar couplings in applications of two-dimensional spectroscopy, it is often isotropic phase, where different transitions ( r s ) are associated assumed that strongly coupled pairs of spins merely lead with different transition matrix elements F / (rs ) . Two unusual to cross peaks that are close to the diagonal, and it is often features can be distinguished: the nutation angle ( ''flip angle'' ) believed that such features need not be taken into account. selective pulse affects several transitions simultaneously, the response varies from one transition to another, depending on Second-order effects have recently been encountered the matrix elements and the connectivities. These effects mani-in an unexpected context. Several research groups have fest themselves in unusual amplitudes and phases of signals advocated the use of selective two-dimensional correlaexcited by selective pulses, in particular in selective two-dimen-tion ( ''soft-COSY'' ) methods ( 2 -7 ) to record individsional correlation spectra. ᭧
INTRODUCTION
pulse with a small nutation angle 0 õ b Ӷ 90Њ ( 9, 10 ) . It was believed that selective methods would simply Second-order effects due to strong scalar coupling in yield better digital resolution, while allowing one to reisotropic phase have received comparatively little atten-cord the relevant information in a shorter minimum time, tion in recent years. This may be ascribed to at least three insofar as sensitivity requirements do not compel one reasons: ( i ) the increasingly widespread use of very high to record a large number of transients. However, these magnetic fields, ( ii ) the formal analysis of strongly cou-assumptions are not warranted in strongly coupled syspled systems is often cumbersome because of the failure of tems, where multiplets recorded with soft-COSY and related methods may suffer severe anomalies in phase and amplitude. In this paper, we shall explain the origin of ‡ Also a member of the Department of Chemistry, Florida State University, Tallahassee, Florida 32306. these anomalies. 
FIG. 1.
Conventional 400 MHz proton NMR spectrum of 4-ethenyl-3-hydroxy-5-iodomethyl-3-methyl-dihydro-2(3H)furanone in CDCl 3 at 295 K, excited by a single nonselective 90Њ pulse of 11 ms duration with an RF amplitude of 22 kHz. Expansions are shown for the H A -H B region and for the multiplets of spins H C and H X . The latter multiplet has a width of 16.2 Hz; the other expansions are plotted on the same scale. The spectrum was recorded with a Bruker ARX 400 spectrometer.
EXPERIMENTAL EVIDENCE
tiplet. Both are due to coherence transfer between the strongly coupled H A H B subsystem and spin H C . The multiplet structure in Fig. 2 is composed of a superposition of We have chosen a sample of 4-ethenyl-3-hydroxy-5-iodosquares, each spanned by two positive and two negative methyl-3-methyl-dihydro-2(3H)furanone (I) to illustrate peaks, separated by the active coupling constants. Note that the anomalies in phase and amplitude due to second-order some of the amplitudes in Fig. 2 do not fulfill ideal C 2 effects. Figure 1 shows the conventional one-dimensional symmetry with respect to the center of the multiplet, pre-1 H NMR spectrum excited by a ''hard'' 90Њ pulse, with sumably in part because of second-order effects (11 ) and in expanded multiplets belonging to the H A H B H C H X subsyspart because the mixing pulses in the DQF-COSY sequence tem:
were not properly calibrated to b Å 90Њ. No phase anomalies can be seen in the rows and columns extracted from the DQF-COSY spectrum in Fig. 2 . By contrast, the corresponding soft-COSY multiplet in Fig. 3 suffers from severe anomalies of the phases and amplitudes of the individual peaks. At first sight, one might be tempted to incriminate imperfections of the truncated 270Њ Gaussian G 1 pulses used for recording the soft-COSY multiplet. Indeed, the self-refocusing properties of these pulses are imperfect, and they may lead to substantial phase dispersion across their excitation bandwidth. However, the G 1 pulses used for Fig.  3 had durations of 20 ms, which is sufficient to excite widths of {20 Hz with a phase dispersion of less than {20Њ. It can easily be verified that the same pulses lead to well-behaved, pure absorptive multiplets if the ''frequency Figure 2 shows a multiplet enlarged from a normal DQF-COSY and Fig. 3 shows the corresponding soft-COSY mul-window'' is shifted to coincide with a weakly coupled mul-tems). If we consider the motion of a semiclassical magnetization vector M ( rs ) associated with the fictitious spin- ( rs ) y , and I ( rs ) z (13, 14) , we may consider the nutation angle (''flip angle'') b ( rs ) experienced by the vector M ( rs ) during a pulse of duration t, i.e., the angle subtended between the vectors M ( rs ) (t 0 ) and M ( rs ) (t / ) before and after the pulse. If all transitions in the system are simultaneously affected by a nonselective pulse of amplitude gB 1 and duration t p , the nutation angle is the same for all transitions (rs) in the system:
However, if a selective pulse with a time-dependent RF lines have unequal intensities (''roof effect'' in AB sys-amplitude of duration t p is applied, the nutation angle depends on the matrix element:
Provided that the pulse is truly selective, i.e., provided that the RF amplitude is too weak to affect any of the other transitions, one expects the norm of the three single-transition operators associated with the fictitious spin-1 2 space of the irradiated transition to be conserved,
in analogy to the behavior of an isolated spin-1 2 system. Even for a truly selective irradiation, however, it is important to remember that there is an effect on the longitudinal components I ( rp ) z and I ( sq ) z associated with connected transitions (rp) and (sq) that share common energy levels r and s with the irradiated transition (rs).
The situation is quite different if the shaped pulse is not truly selective, i.e., if it is strong enough to affect other connected transitions in the system. In this case, one must also consider the transverse components I AB spin system, we simulated the trajectories of the singletransition operators of the four fictitious spin- Figure 5 shows the trajectories when one of the strong for this comparison is shown in Fig. 4b. inner transitions of the AB system is irradiated, while Fig.  Figure 5 shows the evolution in the four single-transi-6 shows trajectories when the selective pulse is applied tion spaces of the AB system during a very selective G 1 to a weak outer transition of the AB system. Gaussian 270Њ pulse with a duration t p Å 500 ms and a Note that the thick curves that represent the trajectories of the tips of the vectors do not necessarily remain on the peak amplitude gB max 1 / 2p Å 3.25 Hz, truncated at 2.5%, and applied to the ''inner'' transition ( 13 ) along the y axis surface of the globes. In Fig. 5 , the transitions (12) and (34) that share a common energy level with the irradiated of the rotating frame. The RF amplitude was calibrated on an isolated spin-1 2 system to yield a ''nominal'' 270Њ nuta-transition show a significant violation of the conservation of the norms n (12) and n (34) . Even the norm of the single-transition angle. The unusual length of the pulse ( which would tion operator I (13) is not perfectly conserved as one would hardly be practical because of relaxation ) was chosen for expect for an isolated spin- Figure 6 shows the behavior when a weak transition the operator in the eigenbase of the strongly coupled two-( 24 ) is irradiated with a Gaussian pulse, again with a spin system is n ominal flip angle of 270Њ. Because the matrix element [ F / ] ( 24 ) is smaller than unity, there is an ''undershoot'' of the trajectory of the single-transition operator I ( 24 ) . At the end of this trajectory, only 40% of the maximum x 
